Selection of germinal center (GC) B cells with B cell receptors (BCR) possessing high affinity to foreign antigen (Ag) and their differentiation into antibody-secreting long-lived plasma cells is critical for potent long-term humoral immunity. Ag-dependent engagement of GC B cell BCR triggers Ag internalization and loading of antigenic peptides on MHCII molecules for presentation to follicular helper T cells (Tfh) and acquisition of T cell help. However, whether it also provides signals that are critical or synergistic with T cell help for GC B cell selection and differentiation in vivo is not known. Here we show that T cell help is sufficient to induce GC B cell expansion and plasmablast (PB) formation in the absence of recurrent BCR engagement with Ag. Ag-mediated BCR crosslinking on the other hand is not sufficient to promote GC B cell selection, but can synergize with T cell help to enhance the GC B cell and PB responses when T cell help is limiting.
Introduction
GCs are distinct sites within B cell follicles in which activated B cells undergo affinity maturation and can differentiate into memory B cells and long-lived plasma cells (Victora and Nussenzweig, 2012) . The GC is characteristically polarized into the dark zone (DZ) and the light zone (LZ). The LZ contains Tfh cells and follicular dendritic cells (FDCs) on which Ag is deposited for acquisition by GC B cells. GC B cells with higher affinity for Ag undergo selection in the LZ and then move into the DZ where they proliferate and undergo somatic hypermutation (Allen et al., 2007) , (Victora et al., 2010; Victora and Nussenzweig, 2012) . Through ubiquitination and rapid degradation of MHCII-Ag complexes, they refresh their pool of MHCII molecules and reenter into the LZ for another round of Ag acquisition and presentation (Bannard et al., 2016; Victora et al., 2010; Mesin et al., 2016) . Affinity-based selection of GC B cells is based on competition for antigen (Ag) and T cell help, but the individual roles of the signals provided by BCR engagement and T-cells in promoting selection are not fully understood (Shlomchik and Weisel, 2012) . Several studies have examined the effect of increasing T cell help to GC B cells independently of BCR cross-linking by taking advantage of the fact that GC B cells express high levels of DEC-205, a cell-surface lectin that delivers Ags it binds to MHCII loading compartments (Bonifaz et al., 2002; Victora et al., 2010) . These studies found that upon administration of DEC-205 antibodies conjugated to T cell Ag (αDEC-Ag), high-affinity GC B cells deficient for DEC-205 were outcompeted by those that expressed the lectin. They also showed that administration of αDEC-Ag during GC responses increased the rate of GC B cell proliferation and hypermutation in a dose-dependent fashion, and promoted formation of PB (precursors of plasma cells) (Gitlin et al., 2014 (Gitlin et al., , 2015 Victora et al., 2010) . These results suggest that competition for T cell help can drive GC B cell selection. However, recipient mice in these studies were immunized with B cell cognate Ag to initiate GC responses, raising the possibility that integration with signals from BCR engagement with Ag is necessary for αDEC-Ag-mediated enhancement of GC responses.
Indeed, recent evidence supports an important role for BCR engagement in promoting GC B cell selection and differentiation into PBs, despite the inhibition of the BCR signaling pathway in GC B cells (Khalil et al., 2012; Nowosad et al., 2016; Mueller et al., 2015) . One study found that blocking GC B cells' ability to acquire Ag inhibited initial PB differentiation more effectually than blockade of CD40 or depletion of Tfh cells (Kräutler et al., 2017) .
Additionally, a recent study found that the signaling pathways downstream of both BCR and CD40, a critical ligand for mediating T cell help to GC B cells, are altered in GC B cells compared to naïve B cells such that stimulation through both is required for efficient induction of Myc, a critical driver of B cell proliferation (Luo et al., 2018) . These findings suggest that although BCR signaling pathways are attenuated in GC B cells, they may nevertheless play a critical role in GC B cell selection and differentiation. However, the direct impact of Agdependent BCR engagement on GC B cells' expansion or differentiation into antibody-secreting PBs could not be determined due to the difficulty of controlling GC B cells' acquisition of Ag in vivo.
We recently described an experimental system that enables B cells to participate in GCs after a single transient acquisition of Ag (Turner et al., 2017) . Here we adapted it to recruit B cells into GCs and provide them with the means to acquire potential positive selection signals from BCR crosslinking or T cell help independently or in combination to examine the contributing roles of both signals to GC B cell survival, selection, and effector differentiation.
We found that T cell help is sufficient to promote GC B cell expansion and PB differentiation in the absence of Ag-mediated BCR crosslinking. Conversely, Ag engagement of BCRs is insufficient to promote GC B cell selection in the absence of T cell help, but is able to synergistically enhance the GC B cell and PB responses when T cell help is limiting.
Results and Discussion
To address the individual roles for antigen (Ag)-driven BCR cross-linking and T cell help in promoting GC B cell selection and effector differentiation, purified Hy10 Ig-Tg B cells (with BCRs specific to duck egg lysozyme, DEL) were first incubated ex vivo for 5 minutes with 50 µg/mL of DEL-OVA (DEL conjugated to ovalbumin, OVA), washed extensively, and transferred into recipient mice in which OTII Th cells were activated 3d before by immunization with OVA in complete Freund's adjuvant (CFA) ( Fig. 1A) . As we have shown before, transient Ag acquisition ex vivo and cognate T cell help in vivo enable Ig-Tg B cells' proliferation and participation in GCs, with recruitment into GCs starting by 4d post transfer (d.p.t) ( Fig. S1A-C , (Turner et al., 2017) ). At this time point, due to the lack of cognate DEL Ag in the OVAimmunized recipient mice, Ig-Tg B cells should not receive any stimulation via Ag-dependent BCR cross-linking. In addition, prior to their differentiation into GC B cells, Ig-Tg cells undergo extensive proliferation ( Fig. S1C) , diluting the Ag peptides acquired during the ex vivo pulsing with DEL-OVA. Due to this dilution, the Ig-Tg B cells recruited into GCs are likely to present substantially lower amounts of OVA peptides than endogenous OVA-specific GC B cells, which can reacquire Ag in vivo. To summarize, by 4 d.p.t. Ig-Tg cells convert into GC B cells that are not subjected to Ag-dependent BCR crosslinking and should poorly compete for help from OVA-specific Tfh cells within GCs.
To address whether BCR cross-linking is sufficient to promote GC B cell expansion or the plasma cell response, at 4 d.p.t. of DEL-OVA-pulsed Ig-Tg B cells the recipient mice were re-immunized with soluble or multivalent DEL (sDEL or mDEL) in incomplete Freund's adjuvant (IFA) or with PBS in IFA for negative control (Fig. 1A) . While DEL Ags could engage Ig-Tg GC B cells' BCRs, they should not provide additional Ag peptides to present to OVAspecific Tfh cells. As positive controls, recipient mice received DEL-OVA in IFA to provide both additional BCR cross-linking of Ig-Tg GC B cells, as well as peptides to present to OVAspecific Tfh cells. Of note, in ex vivo stimulation assays, mDEL and DEL-OVA induce similar Ig-Tg BCR cross-linking and internalization (Turner et al., 2017) . Draining inguinal LNs (iLNs) were collected 2 and 4d after re-immunization, and Ig-Tg GC B cells and PB were measured by flow cytometry (Fig. 1A , for gating see Fig. S1A, D) . No increase in Ig-Tg GC or PB accumulation was detected after reimmunization of mice with sDEL or mDEL compared to PBS control ( Fig. 1B, C) . However, a significant accumulation of Ig-Tg GC B cells and PBs was observed in DEL-OVA reimmunized recipients ( Fig. 1B, C) . These data suggest that elevated presentation of OVA peptides for acquisition of T cell help is necessary to promote Ig-Tg GC B cell selection and formation of PBs, while crosslinking of GC BCRs by itself is not sufficient.
While this finding is consistent with a well-established requirement of T cell help for GC response (Takahashi et al., 1998; Victora et al., 2010) , it does not discriminate whether Agdependent BCR engagement is necessary for GC B cells in any other way than for deposition of Ag peptides on MHCII. A recent study suggested that combination of BCR signaling and T cell help may be required for GC B cell proliferation and selection (Luo et al., 2018) . We therefore next asked whether T cell help was sufficient to promote GC B cell cycling and PB accumulation in vivo, or whether BCR cross-linking was also required. To address this question, we used αDEC-205 antibodies to target Ag to MHCII loading compartments in GC B cells, as previously described (Victora et al., 2010) . Binding to the lectin DEC-205, which is upregulated on GC B cells, enables Ag to be loaded on MHCII without engaging the BCR (Victora et al., 2010) . We conjugated the OVA peptide 323-339 (OVAp), which contains the OTII T cell epitope of OVA, to αDEC-205 or isotype control antibodies (αDEC-OVAp, iso-OVAp). DEL-OVA pulsed Ig-Tg B cells were recruited into GCs as above and at 4 d.p.t. recipient mice were reimmunized with PBS in IFA and s.c. injected with αDEC-OVAp or iso-OVAp to drain to iLNs ( Fig. 1D) . Of
note, both Ig-Tg and endogenous GC B cells express DEC-205 and would receive additional
OVAp to present for T cell help upon administration of αDEC-OVAp. Significant increases in Ig-Tg GC B cell and PB accumulation were observed at 4d post administration of αDEC-OVAp, suggesting that elevated presentation of OVA peptides by GC B cells may be sufficient to induce their selection and differentiation in the absence of additional crosslinking of BCRs (Fig. 1E, F) .
To verify that the observed results were not due to the transfer of small amounts of Ag by the DEL-OVA-pulsed Ig-Tg B cells in vivo, we significantly reduced the amount of Ag initially acquired by Ig-Tg B cells by pulsing them ex vivo with only 0.5µg/mL of DEL-OVA which is slightly above the threshold dose required for BCR-driven activation of Ig-Tg B cells (Turner et al., 2017) . To further minimize the potential for Ag transfer, the number of DEL-OVA pulsed Ig-Tg B cells transferred to recipient mice was reduced to 10 5 , of which the vast majority localizes to the spleens rather than iLNs (Turner et al., 2017) . As before, DEL-OVA pulsed Ig-Tg B cells were extensively washed and transferred into OVA-immunized recipient mice in which activated OTII Th cells were present. 4 days later the recipients were reimmunized with PBS in IFA and injected with 0.05-10 µg of αDEC-OVAp or with 10µg iso-OVAp as negative controls. Draining iLNs were collected 4d after re-immunization and antibody administration, and Ig-Tg GC participation and PB accumulation were analyzed ( Fig. 1D) . Under these conditions, αDEC-OVAp dose-dependent increases in Ig-Tg GC and PB responses were observed ( Fig. 1G, H, Fig.   S1A , D). Of note, the size of the endogenous GC B cell response was largely consistent across all conditions, regardless of the amount of αDEC-OVAp administered, although a trend towards a larger overall Tfh population was observed at the highest dose of αDEC-OVAp ( Fig. 1I, J, Fig.   S1A, E) . In addition to the titration experiments, we analyzed the Ig-Tg GC and PB response at 3 days after the administration of the intermediate 0.5 µg dose of αDEC-OVAp compared to the iso-OVAp or unconjugated αDEC205 negative controls. As expected, only when conjugated to OVAp, αDEC205 induced augumented cycling of Ig-Tg GC B cells as based on the ratio of the dark zone (DZ) to light zone (LZ) GC B cells (Fig. S1F, Fig. 1K ) and an overall increase in the Ig-Tg GC response (Fig. 1L) , while the endogenous GC response was not affected (Fig. S1J) .
To analyze both the Ig-Tg and endogenous PB responses we performed intracellular staining with anti pan-Ig, which yields similar numbers for Ig-Tg PBs as intracellular HEL staining and enables quantification of endogenous PBs (Fig. S1D, G, H) . In addition, by gating on the Fas + CD38 lo Ig high cells, we identified the PB that recently originated from GCs (GCPB, Fig. S1I , (Kräutler et al., 2017) ). We found that αDEC-OVAp administration leads to an increase in the total Ig-Tg PB, as well as GCPB response, while the endogenous PB response is not elevated ( Fig. 1M,N, Fig. S1K, L) . Given that DEC205 is expressed on both endogenous and Ig-Tg GC B cells, the selective increase in Ig-Tg GC and GCPB responses following αDEC-OVAp administration indicates that this treatment narrows the difference in the amount of OVAp presented by Ig-Tg and endogenous GC B cells, enabling them to more successfully compete for T cell help ( Fig. 1G-N, Fig. S1J-L) . Altogether these results indicate that GC and PB responses are enhanced when GC B cells receive additional sources of peptide to present for T cell help, and suggest that Ag-dependent BCR engagement is not required to promote GC B cell expansion or PB formation.
We then addressed whether Ag-mediated BCR cross-linking may be able to enhance GC B cell selection or PB differentiation in combination with saturating or sub-saturating amounts of T cell help. To test that, Ig-Tg B cells were recruited into GCs as above, and the recipient mice were injected with 0.5µg or 10µg αDEC-OVAp and reimmunized with PBS or mDEL in IFA ( Fig. 2A) . As negative controls, mice received isotype-OVAp. Draining iLNs were analyzed 3d later. The Ig-Tg GC and PB responses were not enhanced following re-immunization with mDEL compared to PBS in recipients that received either isotype-OVAp or 10µg αDEC-OVAp, suggesting that BCR crosslinking does not promote GC B cell selection in the absence of T cell help or in the presence of saturating T cell help ( Fig. 2B-D, H-J) . However, after administration of an intermediate dose of αDEC-OVAp (0.5µg) that by itself led to only a modest increase in GC and PB responses (Fig. 1G, H) , re-immunization with mDEL further increased the GC and PB responses ( Fig. 2E-G) . Similar trends were obtained when mice were reimmunized with highly multivalent polystyrene microspheres coated with DEL (sphDEL) in IFA ( Fig. S2A-D) .
These results suggest that Ag-dependent BCR engagement in GC B cells, while neither sufficient nor necessary for GC B cell selection, can enhance GC and PB responses in combination with T cell help.
Our findings are consistent with an ex vivo observation that simultaneous engagement of GC BCRs and CD40 enhances upregulation of Myc in GC B cells which is required for cell cycling (Luo et al., 2018) . However, they suggest that T cell help may be sufficient on its own.
Although CD40 is a critical component of the 'help' provided by Tfh cells, other T-cell derived factors may enable T cell help to promote expansion of GC B cells and formation of PBs
independently of re-engagement of their BCRs with Ag. The importance of T cell help-mediated factors other than CD40 in promoting GC PB response was also suggested by another study in which depletion of CD4 T cells during the GC response inhibited PB response more profoundly than blockade of CD40L (Kräutler et al., 2017) .
Interestingly, the study by Krautler et al. also demonstrated that differentiation of PB from GC B cells was more effectively impeded by blockade of B cells' acquisition of Ag than by depletion of T cells, suggesting that Ag-dependent BCR cross-linking may play a critical role in initiating GC B cells' differentiation into PBs. However, whether BCR crosslinking alone may be sufficient to initiate formation of the early PB in the absence of T cell help has not been explored. We sought to address this question directly using our experimental system to induce BCR crosslinking and T cell help independently.
Early PBs differentiating from GC B cells were previously identified as having a GC phenotype (CD38 lo ) and intermediate expression of the transcription factor Blimp1 and surface Ig, whereas later PBs had higher Blimp1 expression and lower surface Ig. Additional characterization of these populations indicated that early PBs had increased surface expression of B220 and CD45 compared to more mature PBs (Kräutler et al., 2017) . Using Blimp1 reporter Ig-Tg B cells, we identified that B220 downregulation could be used as a surrogate marker of PB and GCPB maturation, as B220 + GCPBs expressed lower amounts of Blimp1 and syndecan, and higher amounts of CD86, surface IgG 1 , and CD45.1 than their B220 lo counterparts (Fig. 3A, B,   Fig. S3A) . To determine whether BCR cross-linking is sufficient to promote early differentiation of PBs in GC B cells, Ig-Tg B cells were recruited into the GC response as above, and recipient mice were injected with 0.5µg isotype-OVAp or αDEC-OVAp. The recipient mice were then reimmunized with PBS, mDEL, or sphDEL in IFA, and the GC PB response was measured 1 and 2d later (Fig. 3C, D) . We found that BCR crosslinking alone was insufficient to increase accumulation of early GC PBs, independently of whether moderately multivalent Ag mDEL or highly multivalent sphDEL were used for reimmunization ( Fig. 3E, F) . Of note, while the majority of Ig-Tg B cells at this time point were not class-switched to IgG 1 , when analysis of early PB differentiation was confined to the IgG 1 + -cells we detected a potential increase in the early Ig-Tg PBs at 2d following reimmunization with highly multivalent sphDEL (Fig. S3B, C) .
If confirmed, these results could indicate an isotype-dependent sensitivity of GC B cells to highly multivalent Ag. Alternatively, the increase in these cells could represent increased class switching to IgG 1 in response to highly multivalent Ag. Finally, at 1-2 days after reimmunization we detected no increase in the total or DZ Ig-Tg GC B cells in response to BCR crosslinking alone, independently of their class-switching to IgG 1 (Fig. 3G, Fig. S3D, E, data not shown) .
In contrast, in the presence of subsaturating amounts of αDEC205-OVAp, BCR crosslinking promoted Ig-Tg early GC PB responses, as well as Ig-Tg GC B cell expansion and accumulation in the DZ (Fig. 3H-J, Fig. S3F-I) . Therefore, in the presence of subsaturating T cell help, Ag-dependent BCR crosslinking can promote increased differentiation of GC B cells into PBs and induce a rapid increase in GC B cell expansion. Overall, our findings are consistent with the previously discovered role of Ag-dependent BCR engagement in driving GC differentiation into PB. However, while in the previous study T cell help has been shown to be critical for maturation and survival of the early GCPB (Kräutler et al., 2017) , our findings suggest that an ongoing, possibly low level of T cell help is required, even for the initial differentiation of GC B cells into PB.
To summarize, in this study we found that BCR crosslinking is not sufficient to promote GC B cell expansion, selection or differentiation into PB. In contrast, acquisition of T cell help is sufficient to induce GC B cell expansion and PB formation even in the absence of BCR engagement with Ag (Fig. 4) . These findings are consistent with a recent study which showed that in the presence of abundant T cell help, non-Ag specific B cells could participate in GCs and persist long enough to acquire specificity to Ag (Silver et al., 2017) .
Although loading GC B cells with T cell Ag peptides was sufficient to promote their selection and PB differentiation in a dose-dependent fashion (Fig. 1G, H, (Gitlin et al., 2014) ),
we found that Ag-dependent BCR engagement potentiated GC B cell expansion and PB differentiation when the amount of T cell Ag peptide loaded was subsaturating (Fig. 4) . (Han et al., 1995; Ding et al., 2013; Goenka et al., 2014) . Other factors promoting GC B cells' survival or differentiation can also be provided by FDCs (e.g.
BAFF, IL-6, complement fragments, and adhesion molecules) (El Shikh et al., 2010; Victoratos et al., 2006) or toll-like receptor ligands and could synergize with T cell help in the absence of Ag-dependent BCR engagement (Wang et al., 2011; Garin et al., 2010; Rookhuizen and DeFranco, 2014) .
Overall, our current study suggests a dual role of BCR signaling and T cell help for GC B cell response in vivo with T cell help playing the dominant role and Ag-dependent BCR crosslinking enhancing GC B cell selection and differentiation into plasma cells (Fig. 4) .
Materials and Methods
Mice. B6 (C57BL/6) and B6-CD45.1 (Ptprc a Pepc b /BoyJ) mice were purchased from Charles River or the Jackson Laboratory. Blimp1 yfp (Prdm1-EYFP) mice were purchased from the Jackson Laboratory. BCR transgenic (Ig-Tg) Hy10 mice and TCR transgenic OTII mice were generously provided by Jason Cyster (Allen et al., 2007; Barnden et al., 1998) . Hy10 mice were crossed with B6-CD45.1 and Blimp1 yfp mice. All mice were maintained in specific pathogen free environments and protocols were approved by the Institutional Animal Care and Use Committee of the University of Michigan.
Antigen preparation and antibody conjugation. Duck eggs were locally purchased and lysozyme was purified as previously described (Allen et al., 2007) . Ovalbumin (OVA) was purchased from Sigma. Duck egg lysozyme (DEL) was conjugated to OVA via glutaraldehyde cross-linking as previously described (Allen et al., 2007) . For production of multimeric DEL (mDEL), purified DEL was conjugated to biotin at a 1:2 molar ratio using biotin-X NHS-ester (Pierce) according to the manufacturer's directions and incubated with purified streptavidin (Thermo Scientific) at a 10:1 molar ratio for 30 minutes on ice, followed by removal of unbound DEL-bio by passage through a 30 kDa molecular weight cut-off desalting column (Bio-Rad). 
Statistics.
Statistical tests were performed as indicated using Prism 7 (GraphPad).
Differences between groups not annotated by an asterisk did not reach statistical significance. No blinding or randomization was performed for animal experiments, and no animals or samples were excluded from analysis.
